The phenomenon of cold work embrittlement (CWE) in the P-added high strength interstitial-free steels has been associated with the segregation of P to the ferrite grain boundaries. This segregation by P is believed to decrease the cohesive strength of the grain boundaries by weakening their bonding. Hence, the resistance of the steel to brittle fracture, i.e., intergranular fracture, is greatly decreased. The goal of the present study was to investigate the segregation behavior of P during the different stages of processing (prior to and after coiling, and after cold rolling and annealing) in Ti and Ti+Nb stabilized interstitial-free steels. It was found that a considerable amount of segregation of P to the ferrite grain boundaries occurred during the coiling process in Ti-stabilized interstitial-free steels. However, with the addition of Nb in the Ti+Nb-stabilized interstitial-free steels, the segregation of P was decreased in the as-coiled condition. The P content on the ferrite grain boundaries in the final cold rolled and annealed condition was found to depend on two factors; (1) the segregation of P in the as-coiled condition, and (2) availability of Ti to form phosphides during the annealing process. It was confirmed in this study that the addition of P decreases the CWE resistance of the steel. Furthermore, it appears that the CWE resistance of the TiϩNb-stabilized interstitial-free steels is improved by the presence of solute Nb on the ferrite grain boundaries.
Introduction
The increasing demand for lighter weight automobiles for the purpose of better fuel economy has driven the steel industry towards developing steels with higher strength. The increase in strength must be obtained without compromising the formability of the steel. It is well known that the reduction of the carbon content results in higher levels of deep drawability. [1] [2] [3] [4] Recent advances in the steel making technologies, such as improved vacuum degassing, have helped to create a new generation of steels with exceptionally low levels of carbon and nitrogen contents (Ͻ0.003 wt%). 1, 2) These are called "Ultra Low Carbon" (ULC) or "Interstitial-Free" (IF) Steels. The ULC steels are alloyed with Ti and/or Nb which stabilize the remaining interstitial contents and make them nearly interstitial-free. 1, 2) Recently, Hua et al. 5, 6) have extensively studied the mechanism of stabilization of carbon in ULC steels. They have shown that in the Ti and TiϩNb dual-stabilized steels containing high S and low Mn contents, the stabilization of carbon occurs by an in-situ transformation of TiS to M 4 C 2 S 2 (H phase) (Mϭ Ti, Nb) and an epitaxial growth of MC on the H phase.
Although, the reduction of the interstitial content increases the formability of the steel, it, however, also reduces its strength. One of the ways of increasing the strength of the ULC steels is by adding solid solution strengthening elements such as P, Si, and Mn to the steel. It has been found that P is the most potent solid solution strengthener among these three elements, and is the most cost-effective in increasing the strength. Also, the addition of P does not appear to appreciably affect the formability of the steel. 7, 8) It is believed that higher Mn levels significantly deteriorate the R values and total elongation [7] [8] [9] whereas, higher Si levels deteriorate coating adhesion. 10, 11) Hence, P is the preferred addition to increase the strength of the ULC steels.
For over 50 years, it has been generally understood that P and other tramp impurities such as Sb, Sn, As, etc. are responsible for causing temper embrittlement (TE) in steels. [12] [13] [14] [15] [16] The TE is manifested by a decrease in the notched-bar fracture energy 15) or by an increase in the ductile-brittle transition temperature. 17) It is generally believed that the impurities segregate to the prior austenite grain boundaries, reduce their cohesive strength and, hence, cause intergranular fracture along the prior austenite grain boundaries. 12, 18, 19) Also, a few other studies have reported that precipitation of carbides (Fe 3 C) on the ferrite grain boundaries results in a transient build-up of impurities at the ferrite/carbide interfaces and, hence, causes intergranular fracture along the ferrite grain boundaries. [20] [21] [22] Although it is known that the presence of impurities in a segregated state is essential to cause TE, the exact mechanism of TE is still not clearly understood.
The phenomenon of temper embrittlement in ULC steels has been also documented and is called secondary work (SWE) or cold work (CWE) embrittlement. [23] [24] [25] [26] [27] [28] [29] [30] The CWE phenomenon is defined as the susceptibility of the sheet material to intergranular fracture during the secondary working of a deeply drawn part or while in service. The CWE phenomenon is attributed to the segregation of P to the ferrite grain boundaries which is believed to reduce their cohesive strength and, hence, cause intergranular fracture along the ferrite grain boundaries. 23, 29, 30) It has been shown that the Nb-containing steels have a better CWE resistance than the Ti-containing steels. 24, 31) This has been attributed to the partial stabilization of C in the Nb-containing steels. It is believed that carbon increases the grain boundary cohesion and increases the CWE resistance. [32] [33] [34] Furthermore, Erhart and Grabke have shown that as the C concentration on the grain boundaries is increased, the concentration of P on the grain boundaries is decreased which would also improve the CWE resistance. 35) Although it is known that the segregation of P to the ferrite grain boundaries causes CWE, its segregation behavior during the different stages of thermomechanical processing of interstitial-free steels is not known. In this study, the segregation behavior of P during the different stages of thermomechanical processing such as after hot rolling but prior-to coiling, after coiling, and after cold rolling and annealing was investigated. In addition, the role of Nb on the segregation behavior of P and, in turn, on the CWE resistance was studied.
Experimental Procedure
The compositions of the steels used in this study are shown in weight percent (wt%) in Table 1 . The materials were received in the form of laboratory ingots (2 ingots/ chemistry). The first ingot for each chemistry was sectioned into 25 mmϫ25 mmϫ200 mm blocks. Each block was then homogenized at 1 300°C for 1 hr. and then water quenched. From these homogenized blocks, cylindrical specimens (12.7 mm diameterϫ19.0 mm height) were machined. The hot deformation of the steels was simulated on the cylindrical specimens using a computer controlled, MTS hot deformation system. The finishing temperature used was 920°C (above the Ar 3 temperature), while the coiling temperature was 704°C. All deformations were carried out at a strain rate of 20 s
Ϫ1
. The segregation behavior of P in the beforecoiling (quenched from 704°C) and after-coiling (cooled at 28°C/hr from coiling temperature to RT) conditions was studied on the first ingot. The second laboratory ingot for each chemistry was hot rolled using similar hot rolling parameters, as described above, in a laboratory mill, cold rolled 80 %, and annealed in a continuous annealing line (CAL) simulator. The segregation behavior of P in the cold rolled and annealed condition was studied on the second ingot. The 0.03Ti-Nb-P and 0.06Ti-Nb-P steels were annealed at 860°C for 80 sec, whereas, the other steels were annealed at 840°C for 80 sec so that they were all fully recrystallized in the cold rolled and annealed condition. None of the steels was temper rolled. Figure 1 shows a schematic illustration depicting the different stages of processing.
The segregation behavior of phosphorus was studied on the three high P-containing steels. Scanning transmission electron microscopy (STEM) was used to obtain a general pattern of the segregation behavior of phosphorus, whereas, the atom probe field-ion microscopy (APFIM) technique was used to obtain quantitative information of the segregation behavior of phosphorus. At least two large angle grain boundaries were analyzed for each condition by APFIM, with specimen stage temperature 60 K, at DC voltage from 5 to 18 kV and pulse ratio 15 %. The energy dispersive xray microanalysis (EDX) was conducted on a JEOL-2000FX STEM at 200 kV.
The drop-weight test used in this study, for determining the cold work embrittlement resistance of the steels is described below. Cups were drawn at a drawing ratio of 2.0 and trimmed. The trimmed cups were placed in a methanol bath and the temperature was lowered and controlled by adding appropriate amounts of liquid nitrogen. At the testing temperature, the cups were impacted by dropping a 10 kg conical weight from a height of 1.0 m at the open end of the drawn cups. The transition temperature was defined as the highest temperature at which brittle fracture occurred. At all temperatures below the transition temperature, the cups failed in a brittle manner, whereas, above the transition temperature, the cups were plastically deformed without exhibiting any fracture. A high transition temperature is an indicator of a poor CWE resistance of a steel, and vice versa. The fracture surfaces were observed under the SEM to determine the mode of fracture. It should be noted that, as yet, there is no industry-standard test procedure for evaluating the CWE resistance. The results obtained by different authors are often not comparable because of the differences in the test procedures such as specimen geometry, the amount of primary strain, the way the secondary strain is Table 1 . Chemical composition of the steels in weight percent. applied, and the evaluation criteria. Bhat et al. 36) have shown that the CWE results are strongly dependent on the specific test procedures and, hence, great caution should be exercised when comparing results from different laboratories or in applying the test results to practical situations.
Optical microscopy studies were conducted using standard metallographic procedures. Internal friction studies were conducted to determine whether the steels were fully stabilized with respect to C and N atoms.
Results

Microstructural Characterization
Optical microscopy was performed on all the steels in the cold rolled and annealed condition to determine the grain size, shape, distribution and the amount recrystallized. The average ferrite grain size in mm of each steel in the cold rolled and annealed condition is indicated in Table 2 . It was observed that after annealing at 840°C, the 0.06Ti and 0.06Ti-P steels were fully recrystallized and exhibited some grain coarsening. The 0.03Ti-Nb steel was nearly fully recrystallized, whereas, the 0.03Ti-Nb-P and 0.06Ti-Nb-P steels were partially recrystallized (approximately 80 % recrystallized). However, after annealing at 860°C, the 0.03Ti-Nb-P and 0.06Ti-Nb-P steels were observed to be fully recrystallized. Figure 2 shows typical micrographs of the 0.06Ti and 0.06Ti-P steels after annealing at 840°C.
Segregation Behavior of P
The segregation behavior of phosphorus in the Ti and TiϩNb steels was investigated during different processing stages and it was found to change with the processing stage, such as (a) after hot rolling but before-coiling, (b) aftercoiling, and (c) after cold rolling and annealing. These changes in the phosphorus segregation behavior were monitored using the STEM and APFIM techniques.
The STEM studies were concentrated on the following three sites, (a) ferrite matrix, (b) ferrite grain boundaries, and (c) Ti 4 C 2 S 2 precipitate/matrix interfaces. Table 3 summarizes the results obtained from the EDX analysis. It indicates whether the segregation of phosphorus (as determined by the presence or absence of a phosphorus peak in the EDX spectrum) has occurred at any of the above three sites.
Figure 3(a) shows the bright field TEM micrograph of a typical Ti 4 C 2 S 2 precipitate observed in the before-coiling condition. The EDX spectrum, shown in Fig. 3(b) , was obtained from this precipitate. Since the S peak was about half of the Ti peak, this precipitate was Ti 4 C 2 S 2 which is also referred to as H phase ("H" stands for its hexagonal crystal structure). Figure 3 (c) shows the EDX spectrum that was obtained from the region around the precipitate (including the precipitate). An additional P peak was observed in the spectrum. The absence of the P peak in the spectrum obtained from the H phase and its presence in the spectrum from the region around the H phase indicated that the phosphorus atoms were segregated around the Ti 4 C 2 S 2 precipitate/matrix interfaces in the before-coiling condition. No segregation of phosphorus was observed on the ferrite grain boundaries at this condition.
In the after-coiling condition, the segregation around the Ti 4 C 2 S 2 precipitate/matrix interfaces disappeared, while the segregation was observed to occur preferentially at the ferrite grain boundaries. This indicated that the segregation of phosphorus to the ferrite grain boundaries must have occurred during the coiling process. In other words, there must have been diffusion of P from the surroundings of the H precipitates to the ferrite grain boundaries during coiling. In the cold rolled and annealed condition, as seen in Table  3 , the segregation of P was also observed only at the ferrite grain boundaries.
(B) APFIM Studies
The APFIM studies were conducted primarily to gain a quantitative understanding of the segregation behavior of phosphorus and to confirm the results obtained by the STEM studies. Table 4 shows the average corrected concentration of P in at% on the ferrite grain boundaries at different conditions in the 0.06Ti-P steel. The correction was done to precisely determine the grain boundary concentration. The correction factor (or multiplication factor), as explained before, was found to be 10.0, assuming a monolayer thick boundary coverage that was observed.
It can be observed from Table 4 that the concentration of phosphorus atoms at the grain boundaries increased from 4.0 at%, in the before-coiling condition, to 36.0 at%, in the after-coiling condition. Figure 4 shows a typical massspectrum plot obtained from a ferrite grain boundary in the 0.06Ti-P steel in the after-coiling condition indicating P peaks at m/n (mass/charge) ratio of 10.3 (ϩ2 charge) and 15.6 (ϩ3 charge). The APFIM measurements clearly indicated that a considerable segregation of phosphorus occurred during the coiling process. In the cold rolled and an-© 2000 ISIJ Table 2 . Average recrystallized ferrite grain sizes in the cold rolled and annealed condition in steels.
Fig. 2.
Optical micrographs of (a) 0.06Ti, and (b) 0.06Ti-P steels after annealing at 840°C indicating equiaxed ferrite grains. Table 3 . Segregation behavior of P in 0.06Ti-P Steel during TMP stages.
nealed condition, the concentration of P on the grain boundaries decreased to 15.0 at%.
3.2.2. TiϩNb-stabilized Steels (0.03Ti-Nb-P and 0.06Ti-Nb-P) (A) STEM Studies
In the before-coiling condition, the segregation of P was observed in the region around the (Ti,Nb) 4 C 2 S 2 precipitates (also referred to as the H phase) in both the 0.03Ti-Nb-P and 0.06Ti-Nb-P steels which was similar to that observed in the 0.06Ti steel. However, in the after-coiling condition, the P atoms were present both around the (Ti,Nb) 4 C 2 S 2 precipitates and on the ferrite grain boundaries. This indicated that in the Nb-containing steels, the segregation of P to the ferrite grain boundaries also occurred during the coiling process, but, was inhibited to some extent. In the cold rolled and annealed condition, the segregation around the (Ti,Nb) 4 C 2 S 2 precipitates disappeared, and the segregation of P atoms was observed only on the ferrite grain boundaries, similar to that observed in the 0.06Ti-P steel. Thus, based on the STEM studies, the segregation behavior of P in the 0.03Ti-Nb-P and 0.06Ti-Nb-P steels was found to be similar to the 0.06Ti-P steel in all the conditions, except, in the after-coiling condition.
(B) APFIM Studies Table 4 shows the average corrected concentration of P in at% on the ferrite grain boundaries at different conditions in 0.06Ti-Nb-P and 0.03Ti-Nb-P steels. It can be observed from Table 4 that in the before-coiling condition, the concentration of P on the ferrite grain boundaries in the Nb-containing steels was similar to that observed in the 0.06Ti-P steel. In the after-coiling condition, the concentration of phosphorus on the ferrite grain boundaries in the 0.03Ti-Nb-P steel was 16.0 at% and that in the 0.06Ti-Nb-P steel was 15.0 at%. These concentrations were much lower compared to 36.0 at% in the 0.06Ti-P steel. The STEM observations had indicated that P atoms were present around the H phase in the Nb-containing steels in the as-coiled condition and this explained the lower P concentration on the grain boundaries in Nb-containing steels as found in the APFIM studies. In the cold rolled and annealed condition, the concentration of P on the ferrite grain boundaries in the 0.03Ti-Nb-P steel and 0.06Ti-Nb-P steels was different; it increased to 26.0 at% in 0.03Ti-Nb-P steel, while it decreased to 10.0 at% in the 0.06Ti-Nb-P steel from their values in the as-coiled condition. The reasons for this behavior will be discussed later. It must be showing an additional P peak.
Fig. 4.
Typical mass-spectrum plot from a typical ferrite grain boundary in the 0.06Ti-P steel in the after-coiling condition indicating P segregation on the grain boundary. also pointed out that although the segregation of P in the final cold rolled and annealed condition in the 0.06Ti-P, 0.03Ti-Nb-P, and 0.06Ti-Nb-P steels was qualitatively similar (based on STEM studies), it was quantitatively different (based on APFIM studies). This signifies the importance of APFIM studies in understanding the segregation behavior of elements such as P. It can be seen from Table 4 that Nb was also segregated to the ferrite grain boundaries in the after-coiling, and cold rolled and annealed conditions. The 0.06Ti-Nb-P steel showed higher Nb segregation on the ferrite grain boundaries than the 0.03Ti-Nb-P steel in both the after-coiling, and the cold rolled and annealed conditions.
Analysis of the Precipitates
In addition to the study of segregation behavior of solute phosphorus atoms, the precipitates containing phosphorus were also studied. Table 5 summarizes the types and sizes of the precipitates observed in the Ti and TiϩNb steels. Two phosphorus-containing precipitates, (a) M x C y S z P precipitates (MϭTi, Nb), and (b) FeTiP precipitates in Ti-stabilized steel and Fe(Ti,Nb)P precipitates in TiϩNb-stabilized steel were observed. The M x C y S z P precipitates were finer, spherical, showed lower volume fractions and were believed to be formed during the coiling process. The details regarding the structure, morphology and stoichiometry of this type of precipitate will be published later. The other type of precipitate, FeTiP, were either spherical or elongated in shape, and were often observed either in single or double rows containing 5-10 precipitates in a row. They were present either on the grain boundaries or in the ferrite matrix. Detailed studies on the microstructural evolution have indicated that the FeTiP precipitates were formed at 800°C during the annealing process. 30) Similar types of FeTiP precipitates have been reported before. 39, 40) In addition to the P-containing precipitates, TiN particles (£ 0.1-1 mm) and M 4 C 2 S 2 precipitates (£ 100 nm) were also observed in both the as-coiled and cold rolled and annealed conditions. Figure 5 shows the transition temperatures measured by the drop weight test for all the steels. It can be clearly seen from Fig. 5 that the steels containing a higher P content exhibited higher transition temperatures, i.e., poor CWE resistance, than those containing a lower P content. Among the high P-containing steels, the 0.06Ti-Nb-P steel showed the lowest transition temperature, i.e., better CWE resistance than the 0.03Ti-Nb-P and 0.06Ti-P steels. This indicated that not all Nb-containing steels exhibit a better CWE resistance. Figure 6 shows the SEM micrographs depicting typical fracture surfaces that were obtained from the cup wall of the cups tested at or below the transition temperature in the 0.06Ti and 0.06Ti-P steels. The mode of fracture in both of the steels was primarily intergranular fracture along the ferrite grain boundaries all along the cup wall. Figure 7 shows a schematic representation of the segregation behavior of P in the 0.06Ti-P steel during the different stages of processing. As explained above, during hot rolling, and initial cooling at intermediate temperatures around 920-704°C, i.e., before-coiling condition, P was primarily segregated around the Ti 4 C 2 S 2 precipitates. As the temperature was decreased during the coiling process, the P atoms apparently migrated from the Ti 4 C 2 S 2 precipitates to the ferrite grain boundaries.
Cold Work Embrittlement Resistance
A thermodynamic model to explain the solute segregation behavior is proposed as follows. At higher temperatures (Ͼ920°C), the entropy effects are dominant over the enthalpy effects, so the solute prefers to be within the matrix because it maximizes the entropy by being in the matrix. However, at lower temperatures (Ͻ704°C), enthalpy effects are dominant over entropy effects, so the solute prefers to segregate to the grain boundaries. 41) This explains the driving force for the P atoms to migrate to the ferrite grain boundaries at lower temperatures. The driving force for the phosphorus to migrate to the Ti 4 C 2 S 2 precipitates at intermediate temperatures (920-704°C) is not well understood. However, a few possible explanations are presented. One of the mechanisms responsible for solute segregation around a precipitate could be the rejection of the solute from the precipitate to the matrix due to the lower solubility of the solute in the precipitate compared to the matrix. If this were true, then P segregation around the H phase would be present also at higher temperatures. However, no segregation of P was observed around the TiS-Ti 4 C 2 S 2 precipitates (partially transformed H phase) after quenching a specimen from 1 150°C. This indicated that the mechanism of solute rejection around a growing precipitate was not true in this case. Another explanation could be as follows. Hua et al. 5, 6) have shown that in the high-S, low-Mn, interstitial-free steels, stabilization of C occurs by the formation of the sandwich-like TiS-Ti 4 C 2 S 2 precipitates. They have shown that at higher temperatures (1 220-1 120°C), the TiS precipitates become unstable and are transformed to the Ti 4 C 2 S 2 precipitates by an intercalation process. During the TiS-Ti 4 C 2 S 2 transformation, the C atoms around the TiSTi 4 C 2 S 2 precipitates are removed from the ferrite matrix.
Since the interaction parameter between C and P in liquid Fe is positive, 42) (and presuming that it does not change significantly in the solid at temperatures around 1 150-920°C) the reduced C concentration around the TiS-Ti 4 C 2 S 2 precipitates decreases the activity of P around the precipitates. This creates a chemical potential gradient or a driving force for the P atoms to migrate to the fully transformed Ti 4 C 2 S 2 precipitates. This is schematically shown in Figs. 8(a)-8(c) .
Based on diffusion calculations, during coiling at 704°C, it approximately takes 4 hours for the P atoms to travel from the center of the ferrite grain to the grain boundaries, for a typical as-coiled grain size of 30 mm. This means that the slow cooling (@ 28°C/hr) during the coiling process allowed enough time for the P atoms to segregate to the ferrite grain boundaries. The concentration of 36.0 at% in the after-coiling condition in the 0.06Ti-P steel must be close to that corresponding to the equilibrium segregation of P to the ferrite grain boundaries. Erhart and Grabke 43) have studied the segregation during batch annealing in a steel containing 7 ppm C, 310 ppm P, and 0.36 % Mn. They observed a grain boundary concentration of P @ 20 at% and believed that the segregation occurred upon cooling after the batch annealing at 700°C. The concentration of P on the grain boundaries observed by Erhart and Grabke 43) is quite close to that observed in the present study during coiling in the 0.06Ti-P steel, considering the bulk P content of their steel.
In a continuous annealing process, due to the high heating and cooling rates, the time available for the P atoms to segregate to the ferrite grain boundaries is very short. In the cold rolled and annealed condition, the concentration of P on the ferrite grain boundaries in the 0.06Ti-P steel was found to be approximately 15.0 at%. This concentration is quite high considering the short time available for segregation during the CAL annealing cycle. It thus appears that the segregation of P to the ferrite grain boundaries in the cold rolled and annealed condition is caused by the segregation in the starting condition, i.e., the as-coiled condition. The segregation in cold rolled and annealed condition was still lower than that in the after-coiling condition. This was believed to be due to two effects: (i) the precipitation of FeTiP during annealing 30) reducing the amount of P present on the ferrite grain boundaries, and (ii) the creation of additional grain boundary area during recrystallization.
TiϩNb-stabilized Steels
The schematic representation of the segregation behavior of P in the 0.03Ti-Nb-P and 0.06Ti-Nb-P steels is shown in Fig. 9 . As mentioned before, in the TiϩNb-stabilized steels, the P atoms were present around the (Ti,Nb) 4 C 2 S 2 precipitates and the segregation to the grain boundaries was inhibited to a large extent during the coiling process compared to the Ti-stabilized steels. Also, Nb was found to be present on the ferrite grain boundaries in both of the steels in the as-coiled condition. It thus appears that either the solute Nb on the grain boundaries and/or the Nb in the H phase was probably responsible for lowering the driving force for the segregation of P to the grain boundaries by affecting the grain boundary energy and/or the precipitate/ matrix interfacial energy. The segregation of P during the coiling process is thus directly affected by the addition of Nb and could be used to control the segregation of P to the ferrite grain boundaries.
Although the concentration of P in the as-coiled condition was lower in the TiϩNb-stabilized steels (0.03Ti-Nb-P and 0.06Ti-Nb-P) compared to the Ti-stabilized steel (0.06Ti-P), similar trends were not observed in the cold rolled and annealed condition. In the cold rolled and annealed condition, the 0.03Ti-Nb-P steel showed the highest concentration, while the 0.06Ti-Nb-P steel showed the lowest concentration of P on the grain boundaries for the three steels investigated. The concentration of P on the grain boundaries in the 0.06Ti-P steel was observed to be between the two Nb-bearing steels in the cold rolled and annealed condition. Thus, although Nb served to reduce the segregation of P on the grain boundaries in the as-coiled condition, the concentration of P on the grain boundaries in the final cold rolled and annealed condition was controlled by an another factor. This factor appears to be the Fe(Ti,Nb)P precipitation during the annealing process. In the 0.06Ti-Nb-P steel, Fe(Ti,Nb)P precipitation occurred and thus, less P was left for grain boundary enrichment. However, in the 0.03Ti-Nb-P steel, no such phosphides were observed because of the lower total Ti content in this steel and, hence, more P was available for grain boundary enrichment in addition to the as-coiled value.
Furthermore, more Nb was observed on the ferrite grain boundaries in the 0.06Ti-Nb-P steel (7.5 at%) than in the 0.03Ti-Nb-P steel (2.2 at%) in the cold rolled and annealed condition. Since Nb occupied more grain boundary sites in the 0.06Ti-Nb-P steel, less P could segregate to the grain boundaries i.e., a site-competition between Nb and P could also be considered responsible for the lower P concentration in the 0.06Ti-Nb-P steel. However, this effect seems to be rather unimportant. This is because in the as-coiled condition, although the grain boundary Nb concentration in the 0.03Ti-Nb-P and 0.06Ti-Nb-P steels was different, the P concentration on the grain boundaries was similar.
The Nb segregation in the cold rolled and annealed condition could be traced back to its segregation in the ascoiled condition (Table 4 ). It was observed that Nb was present on the ferrite grain boundaries also in the as-coiled condition. Because of the higher diffusivity of P 44) relative to Nb [45] [46] [47] in ferrite, P will always segregate before Nb to the ferrite grain boundaries. This indicates that the presence of Nb on the ferrite grain boundaries in the as-coiled condition might result from the segregation of Nb at higher tem-peratures, perhaps to the austenite grain boundaries or subgrain boundaries, as observed in other studies, 48, 49) which was later inherited by the ferrite grain boundaries.
Cold Work Embrittlement Resistance
It has been clearly established that the addition of phosphorus to the ULC steels decreases the CWE resistance of the steels. [23] [24] [25] [26] [27] [28] [29] [30] This has been attributed to the segregation of P to the ferrite grain boundaries in the cold rolled and annealed condition. 23, 29, 30) It was confirmed in this study that the steels containing higher P content showed higher transition temperatures, i.e., poor CWE resistance, than the lower P-containing steels.
It has been shown that the Nb-containing steels exhibit a better CWE resistance than the steels containing Ti alone, which is believed to be because of the incomplete stabilization of C in the Nb-containing steels compared to the Ticontaining steels. 24, 31) The current study has clearly indicated that the Nb-containing steels do not always exhibit better CWE resistance. The 0.03Ti-Nb-P steel showed a transition temperature similar to the 0.06Ti-P steel and higher than the 0.06Ti-Nb-P steel. All the steels used in this study were fully stabilized with respect to C and N atoms based on the internal friction studies. Figure 10 shows a typical plot of Q Ϫ1 vs. temperature in the 0.06Ti-Nb-P steel in the cold rolled and annealed condition. As seen from Fig. 10 , no Snoek peak for either C or N was observed. However, the segregation of C to the ferrite grain boundaries was detected by APFIM.
The poor CWE resistance of the 0.03Ti-Nb-P steel was attributed to the higher concentration of P of 26.0 at% on the grain boundaries compared to the other steels. The higher concentration was believed to be caused by the absence of the Fe(Ti,Nb)P precipitates which resulted in more P being available for segregation. However, the 0.06Ti-Nb-P steel showed a lower concentration of P of 10.0 at% on the grain boundaries because in this steel, P was consumed in the Fe(Ti,Nb)P precipitates and, hence, less P was available for segregation.
Another reason for the lower transition temperature of the 0.06Ti-Nb-P steel compared to the 0.03Ti-Nb-P steel was believed to be the presence of solute Nb (7.5 at%) on the ferrite grain boundaries. This is supported by the fact that although 0.03Ti-Nb-P showed a higher concentration of P than that in 0.06Ti-P steel, their transition temperatures were equal. This was probably due to the small amount of Nb (2.2 at%) on the grain boundaries in the 0.03Ti-Nb-P steel which was beneficial for CWE resistance. According to the analysis conducted by Seah, 52) Nb is believed to increase the grain boundary cohesion of pure Fe, thus, giving an effect similar to that of C and B. Hence, the presence of Nb on the ferrite grain boundaries may counteract the grain boundary embrittling tendency of P.
In summary, this investigation has clearly shown that during the thermomechanical processing of interstitial-free steels, a significant amount of segregation of P to the ferrite grain boundaries occurs during the coiling process. This is believed to influence the final distribution of P in the cold rolled and annealed condition. This is an extremely important finding because this means that lower segregation in the final cold rolled and annealed condition might be achieved by reducing the segregation in the as-coiled condition. This study has also shown that one of the ways of lowering the segregation of P to the grain boundaries in the ascoiled condition is through the use of an addition of Nb to the steel in such a manner that much of the Nb remains in solution. However, this does not completely ensure lower segregation in the final cold rolled and annealed condition. Another factor that is additionally responsible for lowering the segregation of P in the cold rolled and annealed condition is the availability of sufficient Ti in the steel to precipitate FeTiP in Ti-stabilized steel or Fe(Ti,Nb)P in the Tiϩ Nb-stabilized steel during annealing which reduces the P available for segregation to the grain boundaries. Thus, both solute Nb and enough Ti (to precipitate Fe(Ti,Nb)P during annealing) are responsible for lowering the segregation of P in the final cold rolled and annealed condition. The absence of any one of these factors could lead to sufficient segregation of P in the final cold rolled and annealed condition thus causing a detrimental effect on CWE resistance.
Conclusions
(1) The segregation of P to the ferrite grain boundaries primarily occurred during the coiling stage of the thermomechanical processing of Ti-stabilized interstitial-free steels.
(2) The addition of Nb decreased the segregation of P to the ferrite grain boundaries in the as-coiled condition. However, this does not ensure lower concentration of P in the cold rolled and annealed condition. Both solute Nb and enough Ti (to precipitate Fe(Ti,Nb)P during annealing) are required to lower the segregation of P to the ferrite grain boundaries in the final cold rolled and annealed condition.
(3) The steels containing higher P content showed higher transition temperature i.e., lower cold work embrittlement resistance. The mode of fracture was brittle, intergranular fracture along the ferrite grain boundaries in both the low and high P-containing steels.
(4) Presence of Nb on the ferrite grain boundaries is believed to increase the grain boundary cohesion and improve cold work embrittlement resistance. 
